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TUNDRA RELIEF FEATURES NEAR POINT BARROW, ALASKA 


by 
Ronald Wayne Michelson 


INTRODUCTION 


Many of the topographic features characteristic of the Arctic Coastal 
Plain are well developed in the area immediately south of Point Barrow, 
Alaska. Among the more outstanding are the polygonal patterned ground and 
the Vereinesenous oriented lake basins. These features have been described 
4n considerable detail by several investigators: including Black (1, 3, 4), 
Rex (21), Britton (7), Carlson (9), Rosenfeld (23), O*Sullivan (19), Carson 
(10), and others. Other localized frost-related minor relief features such 


as hummocks, molnds, and stripes, are also present. 


Statement of the Problem 
The distribution of many of the minor relief features, especially those 
which make up the variety of ground patterns, is such as to indicate that 
they have a very close relationship to their topographic position. This 
leads to the suspicion that the topography may be a critical facter in the 
development of the minor relief features through the passive contre] it ef- 


fects on the more active processes. 


This report will attempt to describe some of the minor relief features 
and their topographic setting, with respect to their relationship to surface 
geomorphic processes and to subsurface conditions of the permanently forzen 
grounds to analyze the evolution of the present topography as it is deter=- 
mined by subsurface ground-ice conditions, and to discuss the aerial photo 


interpretation of terrain features. 


That a definite relationship exists between the minor-relief features 
and their topographic positions can be determined from a study of the aerial 
photoes of the area. The associations have been attributed to the effects of 
one or more contributing factors. These include the relative degree of sur- 


face drainage, the quantitative distribution of ground-ice, the angle of 


Slope, and the distribution of sediments with respect to particle sige. 
Data indicate that all of these factors exert an influence on the general 
development of minor relief features. However, one of the factors may be 


domimant in any specific area. 


Most of the geomorphic processes in the Barrow area and on the Arctic 
Coastal Plain im general, are those associated with the presence and the be- 
havior of ground-ice. Therefore, a knowledge of such features of the ground-= 
lee as distribution and quantity is imperative to an wnderstanding of the 
evolution of all those landforms which are so characteristic of the area. 

The landscape is that typical of thermokarst regions. The topography of such 
regions according to Muller (18) is produced by “settling or caving of the 
ground due to melting of ground-ice.” This process seems quite likely to be 
the one responsible for most of the lakes and lake basins of the Barrow area. 
However, to establish the validity of the process, it must be shown that 
ground-ice content is, or was adequate to produce, by melting, the relief 
existing in the Barrow area. Field data reveal a variance in quantity of 
ground-ice with respect te topographic setting. The effects of this distri- 
bution on both the major and the minor relief features is not a simple 
problem. Therefore, one must determine the relationships between the geomor- 
phology and the ground-ice conditions in order to appreciate the cause and 


effect significance of each. . 


The aerial photos of the area proved to be an invaluable tool in the 


studies related to ground features, aiding both in the laboratory and field 


studies. Conversely, field studies have contributed much toward the reason- 
able interpretation of the photographs. A section of this report is given 

tovthe discussion of the aerial photo utilization and interpretation because 
this seems to be the most logical means to extrapolate field data collected 
im the geomorphic studies of this area to other unvisited regions of perma= 


mently frozen ground. 


Investigations 


The field investigations which support this report were conducted out 
of the Arctic Research Laboratory during the months extending from August 1 
to November 30, 1958, and from June 1 to August 30, 1959. The investigations 
consisted of three phases concerning: the topography in general; the minor 
relief features associated with the permafrost; and, the basic characterise 


ties of the permafrost. 


The regional relief of the area is so low that in order to better comp- 
rehend the major landscape characteristics, several transit traverses were 
made to establish the high and lew elevation points. Shorter profiles were 
made across such local features as those formerly referred to as beach ridges. 
The primary ebjective of this phase was te determine the extent to which lake 
basin development. had modified the area. The depths of most of the present 
lakes were measured, to supplement the transit data, so that total relief 


could be determined. 


Studies were made to determine the nature of the minor relief features 
with the view of determining the factors which influence their existence. 
Advantage was taken of all associated drilling and trenching to study the 
subsurface composition ef the polygonal ground. Ice-cored mounds were blas- 


ted open to determine the subsurface characteristics of these unusual features. 


The permafrost study was conducted so far as this phase of the over-all 
research project is concerned, to establish the lateral and vertical distri- 
bution of ground-ice. It was determined in depth at several locations by 
drilling holes large enough to permit a man to climb down into them and to 


collect samples from the exposed section by hand. 


The laboratory studies consisted of the interpretation of the aerial 


photographs, and the analyzing of field data and field samples, with the pri- 
mary objective to coordinate the data from the three field phases into some 


conclusive relationships. 


Lecation 


The area studied is in the vicinity of Point Barrow, Alaska (Figure 1). 
Tt comprises only the northernmost 150 square miles of the Aretic Coastal 
Plain Province. Detailed study was confined to the area shown in Figure 7. 
This small area has quite a variety of the surficial features which are pecu- 


liar to the Arctic Coastal Plain. 


The Arctic Coastal Plain Province lies considerably north of the Arctic 
€ircle and entirely within the region of continuous permanently frozen ground. 
‘Tt is a triangular-shaped area bounded on the south by the Arctic Foothills 
Province, and on the other sides by the Arctic Ocean, which is here subdivided 
into the Chukchi Sea to the west of Point Barrow and the Beaufort Sea to the 
east. The Coastal Plain (Figure 1), includes an area of more than 25,000 sq. 
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Figure 1. 


Figere 2. 


Map of Alaska showing the Arctic Coastal Plain 
and Point Barrow. 


Obligue aerial view of numerous lakes and ponds 
ef the Aretic Coastal Plain. 


% 


BERING 
SEA 


<2 


CHUKCHI 


SEA 


A 
Lets 


BEAUFORT 
POINT SEA 
BARROW ARCTIC COASTAL 


PLAN 


oN, 
G UMIAT ~ 


R 
9° Oks 


PACIFIC OCEAN 


CANADA 


Climate 


The Arctic Coastal Plain is featured by a tundra climate. The conditions 
have been amd are ideal for the continual existence of the permanently frozen 
ground which developed some time in the past. Muller (18) cites the favorable 
conditions as being 1) a lomg, cold winterg 2) a dry cold summers 3) little 
precipitation during all seasons. The climate in the Barrow area is typically 
cold, windy, and cloudy. The U.S. Weather Bureau records the normal annual 
precipitation as being only 4.11 inches; however, Black (2) beliewes that 
the mean annual precipitation is between 9 and 15 inches. He attributes the 
lower U.S.W.B. measurements to the difficulties encountered in measuring wind= 
blown snow. Swmmer coolness along with very high relative humidity results 
in very little evaporation. This factor, along with the very low relief, the 
lack of integrated surface drainage, and the impermeable nature of permanently 
frozen ground, accounts for the saturated condition of the land in this area 
ef slight precipitation. Table 1 gives climatological data recorded by the 


U.S. Department of Commerce Weather Bureau (27). 


RELIEF CHARACTERISTICS 


General Topography 


The Arctic Coastal Plain is typically emergent and is im general feat- 
ured by a lack of relief. The most typical relief features developed include 
the very numerous thaw lake basins and the omnipresent polygonized ground 
pattern. It is estimated that 50-75 per cent of the coastal plain is covered 
either by lakes or by marshes which oceur in topographic "lows," formerly 
eecupied by lakes (Figure 2). 


The remaining areas are relatively higher and will be referred to as the 


primary surface (see following section for definition). In the Barrow area 


TABLE 1 


Normal annual climatological data compiled at the Barrow weather station 
ever a 35 year period 


Normal annual temperature 10.1° F. 
Record highest temperature 78.0° Fe 
Record lowest temperature ~56.0° Fe 
Normal annual precipitation %.11 inches 
Wettest month 2.44 inches 
Driest month 0.00 inches 
Snow, sleet, hail - mean total seasonal 26.20 inches 
Normal relative humidity for January 65 per cent 
Normal relative humidity for July 92 per cent 
Mean hourly wind speed 11 mph 
Fastest speed (wind) on record 70 mph 


Annual mean number of days” = sunrise to sunset 


Clear 64 
Partly cloudy 53 
Cloudy 180 


Annual mean number of days 


Precipitation 0.1 inch or more 66 
Heavy fog 61 
Snow, sleet, hail 1.0 inch or more 3 
Minimum temperature 32° F. and below 323 
Minimum temperature O° Fo. and below 168 
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rélief between adjacent primary and basinal areas is found to be on the order 
of from 10-15 feet. Relief of from 10-20, which occurs upon the primary sur- 
face and which apparently is not associated with lake basin development will 


be referred to as initial relief. 


Both major types of surfaces are featured by the polygonal ground pat- 
tern so characteristic of permanently frozen regions. This pattern is 
preduced by contraction of the ground in response to extreme low temperature. 
Vertical cracks are formed in which water, snow, and frost seasonally 


collect from the surface downward, to form wedges of ice around the polygons. 


The processes associated with the accumlation and thaw of the ice are 
responsible fer the very important minor relief features which are so much 


a part of the polygonal ground. 


Tae polygons, for obvious reasons, can be classified into two types: 
‘those which have high centers, as opposed to those with low centers. The 
‘distribution of each type tends to be in accordance with their topographic 
position. The high-centered types are generally confined to the relatively 
higher primary surface; whereas, the lew-centered types feature the basinal 
areas. Basins which have been recently drained show an exception to the 
general situation in that they exhibit the development of high=centered 
polygons. It is believed that this is only a temporary stage, related to 
draining of the basin. The reasons for these associations are included in 


the following discussions of high and low-centered polygons. 


Other geomorphic features distributed in the Barrow area include ice- 
cored mounds, drainage features peculiar to beaded streams, minor relief 
characteristics of slopes, and also those features formerly described as 


beach ridges. 


The Primary Surface 


The primary surface is defined here as including 2ll areas for which 
there is no apparent evidence of having been subjected to thaw lake activity. 
It is not concluded that the surface is primary in the sense of being the 
original unmodified ceastal plain, but rather that any lake beds incorpora- 
ted in the surface were formed so far in the past as to be indistinguishable 
today. There are distinct differencés in the surface morphology and sub-= 
surface characteristics of the primary surface areas, and those of all basins 


studied. 


This type of surface generally finds expression as irregular flats 
between basins and adjacent to the northeast and northwest margins of the 
Barrow area. It is featured by high-centered polygons and, in general, more 
than 70 per cent of the upper 20 or more feet of the permafrost in these 
areas is composed of ice. The sediments consist of silts, fine sand and 


scattered gravel. 


High-centered Polygon 


High-centered polygons, according to Black (3), are characteristic of 
areas of more or less integrated surface runoff, areas of rather coarse 
materials, and areas which are comparatively old. In the Barrow area, the 
only integrated surface runoff is found on the relatively elevated primary 
surface. These obviously are the oldest surfaces. The underlying materials, 
however, with the exception of ice content, appear identical with those of 


the basinel areas. 


High=-centered polygons are those in which the central portion is a 
mound, outlined by troughs (Figure 2) which, according to Britton (7) and 


Black (3), are initiated and deepened as the peripheral ice-wedge is eroded 


Figure 5. Initially develepeé high- 
eentered polygons in 
recently drained lake 
pS S50 o 


Figure 3. High-centered Pelygons. 
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by thaw. These polygons reach maximum development near areas of greatest 
relief, such as those along the margins of basins, or on the slopes which 
may be present between the primary surface and a basinal area. The relief 
produced ranges from less than six inches near the centers of some primary 


flats, to over four feet along the margins of some basins. 


High-centered polygons are extremely variable in sige, ranging in dia- 
meter from 10-15 feet, only a fraction of the size of the larger low-centered 
polygons. The smailer size of the high-centered polygons can be partially 
attributed to the division of large initial polygons by secondary and ter=- 
tisry ice-wedge development. Many of these smaller wedges have not 
developed surficial troughs and their existence can be determined only by 


natural removal of the active layer or by trenching or ailling. 


Another effect of their development is the irregular shape of the high- 
centered polygons as compared with the low-centered variety. The latter do 
not. often exhibit division by secondary and tertiary ice-wedges, and there= 
fore locally show a greater homogeniety of sige and shape. However region- 


ally the low-centered polygens show the greater range in sige. 


Basinal Areas 


8 greater portion of the land area near Barrow, consists of drained 
e.siptical oriented lake basins. These basins often form an overlap complex 
where several smaller basins occur in part or completely within large former 
basins, now drained. Basins of several ages may overlap each other in this 
manner. Carlson (9) mapped the basins from aerial photos to show their 


relative ages (Figure 7). 
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Figure 70 


Map showing the topographic and age relationships 
of the lakes and drained lake basins. 
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The basins are oriented in a northwest, southeast direction. Several 
hypotheses have been proposed to account for this orientation. Among these 
are included the hypothesis of Blaek and Barksdale (4) which suggests that 
ancient winds parallel to the long direction of the basins, accelerated thaw 
and erosion in the same directions those of Livingston (16), Rex (21), and 
Carson and Hussey (10), all of which suggest that current systems introduced 
by winds blowing perpendicular to the direction of orientation (as is the 
present prevailing wind direction), to be the active factors and that of 
Rosenfeld and Hussey (23) which investigated the possibility that structural 


control might play a dominant role in lake orientation. 


Lowecentered Polygons 


Low-centered polygons are the dominant minor relief features of the 
drained lake basins. These polygons are featured by a center which is 
enclosed by relatively elevated peripheral ridges. The ridges result from 
the thrusting, upward and laterally, of material on each side of a "growing" 
ice-swedge (Figure 4). The relief from the tops of the peripheral ridges to 
the depressed centers of the polygons is generally 6 and 18 inches. Once 
the ridge has formed, the relief is enhanced by the accumulation of vegetal 
material upon it (Black, 3). Im many cases the relatively depressed centers 


are ponded. 


The poor surface drainage conditions typical of these areas results in 
little loss of water by runoff and hence little thaw of the ice-wedge. 
Extensive thaw of an ice-wedge would allow the wedges to slump into the 
deepened trough, promote drainage, and thus produce an elevated center. 
According to Black, high-centered polygons can also develop from low-centered 
polygons if the ridge material slumps backward into the depressed center until 


the central portion is filled with soil and organic material (Figure 5). 
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This may account for some of the polygons of this type which exist in the 
marsh areas. However, the usual development of high-centered polygons on the 
relatively elevated surfaces appear to result exclusively from thaw and drain- 


age of the ice-wedge trough. 


Low-centered polygons are generally much larger than their high-centered 
counterparts. They range widely in diameter from as little as 30 to as much 
as 200 feet. In any one particular basin, however, the size is relatively 
uniform. The larger polygons suggest that they are outlined by the initial 
wedges of the primary surface, which were retained while the basin developed 
te its maximum depth. The shallower secondary and tertiary ice-wedges would 
have been lost during thaw. This view is supported by the ice-wedge patterns, 
which are visible from the air, on the bottoms of many present lakes. How- 
ever, it does not account for controlled or oriented polygonal patterns 
which are common in basinal areas (Figure 6). These show a definite rec- 
tangular periphery and only occur adjacent to drained basin margins or along 
abandoned stream meanders. Their parallelism to the old shore or channel 


establishes their subsequent relationship. 


Relative ground-ice content as a factor affecting predominant polygon 


size will be discussed in a following section of this report. 


The uniformity of size and control: of ice-wedge patterns in basins, not 
evident in high-centered areas, are expressions of permafrost behavior which 
are not well encugh understood to allow for a satisfactory explanation at * 


this time. 


The Present Lakes 


The present lakes in the Barrow area occurveither in the lower segments 
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of old, partially drained basins, or in basins thawed into the primary surf- 
ace. Some basins extend from one type of area into the other. They are 
quite variable in depth, shape, and lateral dimension. The lakes that were 
studied range in length from less than 300 to over 4500 yards, and in depth 
from less than two to over nine feet. Only larger basins are characteristi- 
eally elliptical and oriented. The smaller basins in this area are irregular 
in shape and do not generally show the effects of an orienting factor. In 
some other areas on the coastal plain even the smallest basins have an 
elliptical shape and perfect orientation. The depths of most of the lakes 

in the Barrow area have been measured. The lateral dimensions are easily 


determined from the aerial photographs. These data are presented in Table 2. 


Figure eight shows the present lakes, numbered so as to correspond with 
the data presented in Table 2. These data indicate no definite relationship 
between lake depth and lateral dimension except that the larger lakes tend 
also, with certain exceptions, to be the deeper. Lake depth plotted against 
width and length for the lakes of each topographic setting, also revealed no 
definite correlation. However, the problem of thaw lake development and 
orientation is being treated in great detail by C. E. Carson. His unpub- 
lished manuscript presents the view that there is a characteristic 
relationship between shape, size, and depth in the initial development of 
an oriented thaw lake basin. The irregular distribution of ground ice and 
various stages of drainage produce many exceptions to the ideal mong the 


present-day lakes in the Barrow area. 


The lakes are subject to grouping into two distinct categories, on the 
basis of depth. Those lakes which are over six feet deep as opposed to those 


which are less than six feet in depth. 
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TABLE 2 


Length, width, and depth measurements of Barrow lakes, and their location 
with respect to the topography. Length is measured parallel to the general 
orientation of the lakes and the width perpendicular to this. 


Lake Length Width Depth Topographic 
No. Yards Yards Feet Location 
iL 1420 585 3,3 Basinal 
2 350 410 oe? Basinal 
5 295 17> 2.6 Primary 
iy 295 585 5.5 Basinal 
Ss 2640 1000 7 ot Basinal 
8 6 645 585 2.0 Primary 
7 410 410 oy Basinal 
8 295 410 3,4 Basinal 
9 295 410 2.6 Basinal 
10 350 235 34 Basinal 
11 530 295 3.6 Basinal 
12 1580 O40 6.8 Basinal 
S, 470 470 203 Bagnal 
14 645 470 203 Primary 
15 950 800 3.2 Primary 
16 460 460 2.8 Primary 
17 940 820 3.8 Bas/Pri* 
18 2660 1650 4.7? 
19 4520 2000 6.5 Bas/Pri 
20 2820 765 HL Bas/Pri 
21 1700 880 ZeS Primary 
22 1350 950 9.0 Primary 
23 705 705 2.0 Bas/Pri 
24 2230 880 4.0 Basinal 
25 2560 760 209 Primary 
26 750 620 361 Basinal 
27 2759 959 3.0 Primary 
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Figure 8. Index map of lakes, beach-slopes, and drill-hole 
locations. 
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A lake which is less than six feet in depth will normally freeze to the 
bottom during the winter months. Summer thaw will melt the ice and an 
active layer at the bottom of the lake. However, the ice of the underlying 
permafrost is proven by the existence of an ice-wedge polygon system on the 
bottom of the lake. Lakes which are over six feet in depth do not freeze to 
the bottom in the winter, and thus a layer of water is retained between the 
ice and the bottom. This results in a net in-put of heat into the ground 
from the lake water. The permafrost immediately beneath the lake is then 
thawed and the permafrost table may be depressed several tens of feet. 
Brewer (6) reports the permafrost table beneath Fresh Water Lake (nine feet 


deep) to be depressed 195 feet. 


Ice-cored Mounds 


Among the less prominent of the geomorphic features are the many ice- 
cored mounds which are situated either in the basinal marshes, on the 


primary surface, or on the interadjacent slopes. 


The mounds have a maximum relief of approximately four feet and diame- 
ters ranging from 10 te 15 feet. They consist of a core, composed 
predominantly of ice, covered in some instances by silts and sands, or in 
others by moss peat. These are the soil mounds and peat mounds respectively 


as described by Black 


Two mounds, a soil mound and a peat mound, were blasted open during the 
1959 field season. The soil mound (Figure 9) was situated on the primary 
surface just south of Imaiksaun Basin. It was composed of nearly two feet 
of silt and fine sand covering a core of massive porous, bubble-rich ice 


(Figure 10). Soil particles were dispersed throughout the ice mass. The 
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Figure 9. Iee-cored soil mound. 


Figure 10. Exposed ice-core of mound 
shown in figure 9- 


Figure li. Ice-cored peat mound. 


Figure 12. Layered ice from core of 
mound shown in figure 11. 
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upper six inches of the soil material were organically enriched with owl 
droppings. The mound had a height of slightly over three feet and a diame- 
ter of twelve feet. An ice-wedge trough adjacent to the mound contained a 
gmall pond. An adjacent pond is cited by Black (3) as being a common 
association with these features. However, in this instance it was not pos- 
sible te determine whether this was coincidental or whether it had genetic 
significance. 


The peat mound (Figure 11) was situated in the Imaiksaun Basin, on the 
east side of the present lake. It was less than one foot high and about ten 
feet in diameter. The core of this mound consisted of alternate layers of 
ice and soil. The layers were approximately 1 inch thick (Figure 12). The 
core was about two feet thick, and was covered by about eighteen inches of 


spongy, well preserved, bright yellow moss peat. Beneath the core was an 
air pocket about 8-10 inches across. The significance of this has not been 
established. 


The process by which the ice-mounds have been developed have not yet 
been thoroughly investigated in this area. Black (3) states his belief 
that they are undoubtedly polygenetic, but points to ice-injection by cryo- 
static process as a common factor for their develepment. Ice injected into 
horizontal contraction cracks, adjacent to a source of water, appears to be 
the most likely explanation; however, a much more detailed investigation 
must be conducted in order te determine what morphological factors have 


genetic significance. 


A common characteristic of the ice-cored mounds which were previously 
described was that in each case the ice core was situated in the permafrost 
below the active layer. Hence the feature could be called relatively 


permanent. Temporary features described by Black (3) as ice-laccoliths 
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differ from these mounds in that an ice-core is developed within the active 
layer which is covered only by the tundra vegetal mat. Black reports that 
these develop in a few hours or a few days during a period of fall freezeup. 


Most are then subsequently destroyed by thaw in from one to five years. 


The summer of 1958 was relatively very warm, and the fall freeze-up 
period was late and short. This may account for the fact that no ice- 
laccoliths were observed in the Barrow area in either the summers of 1958 or 


1959, though some excellent examples had been seen the two previous years. 


Beach-Slope Features 


A ridge-appearing feature can be seen on the aerial photographs of the 
Barrow area (Figure 13). Rex and Taylor (22) described this and similar 
features as old, uplifted beach ridges, and stated that they are composed of 
well stratified deposits of sand and gravel similar to that of the present 
beach. They add that the gravels are mantled by 12-18 inches of silt. 


Black (3) called this material loess. 


The literature (22,3, 23) implies that an intermittent recession of sea 
level left a progression of beach ridges at varying distances inland fron 
the present coast, and that the ridges have subsequently been covered by 
loess and preserved on the landscape. This view is supported by the fact 
that the features described tend to lie parallel with the present Beaufort 


Sea coast line (see Figure 8). 


Field studies have revealed, however, that the ridge-appearing features 
expressed on the aerial photographs do not in fact represent ridges on the 
landscape, nor do they represent extensive surface or near surface deposits 


of gravel. The features are actually slopes ranging between two and four 
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degrees, which may occur as initial relief on the primary surface or as 
slopes between the primary surface and an adjacent basin. When the slopes 
eccur as relief upon the primary surface, the photo impression is especially 
confusing. This is because the ground pattern and minor relief features on 
either side of the feature are identical with each other. This gives the 
impression that the surfaces are at a common level and are separated by a 
ridge-like feature; whereas, in fact, they are not. Difference in elevation 
between two sach surfaces may be as much as 10-15 feet, but is nearly impos- 
sible to detect from the aerial photographs except when viewed stereoscopi- 


cally (Figure 13 shows the actual relationship). 


Deposits of gravel, similar in appearance and in grading characteristics 
to the gravel of the present beach (see Figure 14), are exposed in sevéral 
localities associated with the slopes. Mechanical analyses of this gravel 
show that it falls well within the range of grading variation for the 
gravels of the present beach and off-shore bar deposits. Immediately north 
of Central Marsh Basin, in relatively close proximity to the present coast 
line, gravel is exposed at the edge of the basin near the surface, being 
covered by only about two feet of silt and organic matter. This agrees with 
previous descriptions of the "beach-ridge” features. However, the gravel 
associated with any of the more southerly located slopes is found near the 
base of the slope ‘generally where a lake basin has thawed into the slope, or 
where it has been transected by a drainage. Several holes blasted into the 
slopes reveal that the gravel is overlain by several feet of silts, and the 
sands and scattered gravels which in general are the typical sediments of 
the area. The occurrence of the gravel deposits and the parallelism of these 
features to the present coastline suggest that they are probably buried beach 
or bar deposits. The major differences with the earlier reports are that 


the gravels are covered by several feet of silt and fine sand, and that the 
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Figure 13. 


Aerial photo of beach 
Slope with profile AB 
showing the actual | 
topographic relation- 
ship. 


Figure 15. 


Figure 14. Gravel exposed in 
trench at the base 
of a beach-slope 
feature. 


Schematic diagram 
showing initial re- 
lief in the Imaiksaun 
basin area. 
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surface morphology inva Slope rather than ridge feature. Probably the 
greatest significance of this latter modification concerns the topographic 
interpretation of the aerial photography. The term “beach-ridge” was 
ascribed to these features largely because of their appearance on the aerial 
photos. 


The slope feature quite probably represents relict imitial relief. 
However, there is the possibility that the presence of the buried gravels 
prevented shore erosion in the developing lake basin, and thus determined 
the location of the slope feature. At this time, no explanation can be of- 
fered for the two-to-four degree apparent equilibrium of slopes in the area. 
It may well be that this represents the lowest effective angle of signific 
cant mass wasting in the existing environment. 


THE ROLE OF GROUND-ICE 


A consideration of the origin and distribution of the ground-ice can 
hardly be exaggerated in this review imasmach as it is the accumulation and 
thaw ef ground=ice, more than any other factor, which determines the geomor= 


phology of the area. 


Genesis of Growd Ice 


Permanently frozen ground (permafrost) is defined as being at a temo 
perature less than 0 degrees Centigrade. The definition calls for no 
specific amount of water (ice). Im fact, the often-used term “dry perma- 


frost" indicates that there may be no water (ice) present at all. 


However, ice is very commonly associated with the permafrost and its origin 


and distribution have been the subject of considerable debate. 
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The greatest concentration of ground-ice appears to occur in a gone 
extending from immediately beneath the active layer to a depth of from 
twenty to thirty feet. In many areas the ground is supersaturated with ice,‘ 


with known occurrences of better than eighty per cent of ice by volume. 


Large quantities of ice are found in the ground in nearly vertical ice- 
wedges, irregular ice masses, small grains, crystals, stringers, irregular 
particles, , and films as*cenent (Black, 3). The controversy concerning the 


origin of ground=-ice centers around the development of the ice-wedges. 


Tabor (26) proposes that all bedies of ice in the frozen ground originated 
from water present below the freezing surface and developed over a relatively 
short unit of time. Black admits that this probably acoounts for the smal- 
ler ice masses, crystals, lenses, ete. However, he agrees with Leffingwell 
(13) that the ice-wedges grow over an extensive unit of time by increments 

of water added from the surface into vertical contraction cracks. Water is 
made available to the erneks during the thaw season. Dus to the effect of 


the geothermal lag in the frozen ground, the cracks are open at depth at a 


time when the surface is thawed. 


Open vertical contraction cracks have been observed which extend from 
the seasonal thaw gone down into the ice in the frozen ground. It is the 
conclusion of most recent observers that the theory of Leffingwell, suppor- 


ted by Black, is the correct one. 


Tabor’s hypothesis for the existence of the ice content, exclusive of 
wedge-ice, seems very probable, however, and can be demonstrated in the 
laboratory. He states that ice layers and veins grow from the surface down- 
ward as a result of cryostatic processes which are operative during the 
development of the permanently frozen ground. The difficulties of his con- 


elusion resulted from his attempt to explain the origin of all forms of 
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ground-iece by one theory. 


Distribution of Ground Ice 


To investigate the phenomena of thaw lake development, quantitative 
ground=-ice determinations were made for several topographically distinct 
locations in the Barrow area. It was found that there exists definite vari- 
ations in ground-ice centent with respect to the topographic position of 
each area. A following section of the report will attempt to show how this 
variation in ground-ice content might affect and/or be affected by the 
development of thaw basins. To determine the ground-ice content, along with 
other pertinent data, holes thirty-two inches in diameter were drilled to a 
depth of approximately twenty fect. These holes are large enough to allow 
@ man to climb down into them, and thus permit the chipping of representa- 
tive samples from the frozen side of the hole. Wedge-ice was avoided, but 
the samples were otherwise unbiased. The samples were placed in jars and 
allowed to thaw. If the soil was supersaturated with ice, it would settle 
beneath a column of free eitiou This settlement was measured, and expressed 
as @ per cent of the total sample height. The samples were dried to deter- 
mine the moisture loss, and the number of grams of moisture were calculated 


for 100 grams of dry soil solids. This value, determined according to soil 


engineering procedure, is mach more easily utilized in most calculations 


than ice content as a true percentage of the original sample. The ice vol- 


wme per cent gives the best illustration of the ground-ite content, however, 
and is easily calculated from the moisture content (grams of water per one 


hundred grams of dry soil) bys 
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Wheres 
P = ice volume per cent 
m = grams of water per 100 grams of dry soil 
0.91 = assumed specific gravity of ice 
2.65 = assumed specific gravity of soil solids 


Additional assumptions for this calculation are that the air-vold vol- 


ume of the permafrost is negligible and that all of the water in the 
permafrost exists as ice. The latter of these is admittedly not true, as in 
fact water does exist locally throughout the permafrost in the form of 
chloride brines, which were incorporated into the permafrost by the freezing 
of connate sea water. However, observation has led to the belief that for 
this calculation the amount of brines is relatively insignificant. The 
validity of these assumptions can be determined only by such basic permafrost 
studies as bulk density determinations and chloride analyses. 


Moisture content and ice volume percentage data are given in Table 3. 
These data Aah from four drill holes, one each located on the primary surface, 
in an anciently-drained basin, in a recently=-drained lake basin, and beneath 
the bottom of a presently-filled lake basin (in this case, the hole was 
dvilled and sampled while the lake was frozen to the bettom). The sites 
were chosen as being representative of their respective areas. The locations 
of these sites are shown in Figure 8. It is behond the scope of this paper 
to analyze the distribution of ice-content as it exists in the Barrow area 
other than to say that the greater ice-content for the primary surface areas 
compared to the basinal areas is most probably due to the thaw of the primary 
ice during the basin development. The vertical variance in ice-content can 


not be accounted for at this time. 
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+ Thaw-Relief 


Atyang the major geomorphological problems in this area is that which 
is concerned with the probable magnitude of relief that can be ascribed to 


the thawing of ground-ice. 


The major relief in the Barrow area exists between some primary surface 
areas and the bottoms of present or drained lake basins. The fselief of most 
investigators acquainted with this or similar areas is that the basins 


exist primarily as depressions resulting from the thawing of ground-ice. 


Observations indicate that the amount of erosion accomplished by surf- 
ace run-off is negligible and, therefore, it could not account for the 
numerous basins. Drainage conditions are such that maximum surface runoff 
occurs at a time when the ground is frozen or protected from erosion by snow 
or ice. Evidence of the small amount of material carried by running water 
subsequent to the thaw of the active layer is found in the existence of the 
beaded stream drainages. The "beads" of these drainages are small ponds 
which form from the thaw of excessive ice at the common intersections of two 
er more ice wedges. They oceur at intervals along stream courses and should 
serve as natural traps for any suspended material in the water which enters 
them. The fact that they are not appreciably filled by sedimentation indice 


cates that the runoff water carries little suspended material. 


In some localities of the Barrow area, the relief reaches magnitudes 
which are difficult to explain by thaw phenomena alone. Im at least one area, 
that south of Imaiksaun Basin, the local relief is nearly 45 feet, measwring 
from the bottom of the present lake to the top of the primary surface immedi- 
ately south of the basin. On the west side of the basin, the primary surface 


"steps" off to an area of similar surface characteristics, also assumed to 
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be primary. This surface is only 15 feet above the bottom of the present 
lake. The higher surface is joined both with the basin and the lower pri- 
mary area by a 3 degree slope. The slope was formerly mapped as a beach- 
ridge; because of its appearance on aerial photes and the occurrence of 
gravel below its surface. The nature of the slope which is between the two 
primary surface areas, as well as that between the high area and the basin 
is sufficiently different from most primary-basin boundaries as to strongly 
support the concept that it is part of the initial relief. The character 
and magnitude of the relief between the low primary surface area and the 
basin is typical of that which can best be explained as due to thaw proces- 
ses. The relationship of the above described situation is schematically 


illustrated in Figure 15. 


Livingstone (15) from the volume of a basin which he assumed hai formed 
‘from settlement due to ground-ice thaw, calculated the ice volume per cent 
of the permafrost, necessary for the basin development. Ice-content 
@eterminations in the Barrow area make it possible inversely to determine 
‘the potential depth a basin might attain by thaw processes. However, there 
aré variables other than ice-content involved in this calculation. These 
include the air-void volume of the permafrost, the wedge-ice volime, and the 
void volume of the sediment after thaw. Since these have not been absolutely 
détermined, assumed approximations must be employed or the factor discarded 
if believed insignificant. This is allowable if, instead of trying to deter- 
mine an absolute value for thaw-settlement, an attempt is made to calculate 
the minimwua amount that the ground will settle in an area by removal of the 
ground=ice. On this basis, it is permissable to neglect the air=-void volume 


of the permafrost. Observations indicate that this factor is negligible. 
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Thaw of the wedge-ice will definitely account for some settlement. The 
average widths and depths for the ice-wedges in most areas has been deter- 
mined by drilling. Im an area of intense ice-wedge development on the 
primary surface, the volume of wedge-ice in the upper twenty feet of perma- 
frost is less than 5 per cent. This would account for less than one foot of 
settlement upon thaw. Thus, areas in which the polygons are over twenty=- 
five feet in diameter would experience almost negligible settlement from 
thaw of the wedge-ice. Thus, these two factors, air-void volume and wedge- 
lee volume, can be eliminated frem consideration in figuring minimum 


settlement. 


The only settlement factors left to consider are the ground-ice content 
(exclusive of wedge-ice) and the void volume of the sediment after thaw. 
Te caleulate the potential settlement resulting from these factors, it is 
necessary only to express each in relation to a given quantity of soil solids. 
The void volume of a soil is usually expressed as a ratio to a given volume 
ef soil. This is called the void ratio. It has been shown that a mathee- 
matical relationship exists between ground-ice volume per cent of a soil and 
the moisture content which is expressed in grams of water per hundred grans 
of dry soil. If one considers a column of permafrost in which there are one 


hundred grams of soil solids, the following relationship may eesily be 


derived: 
__100 
cs G (e) 
mo LO 
G 
Wheres 
Ss = Per cent settlement of the original height of the 
Column o 
mn = Determined moisture content 
e = The void ratio of the sediment 
G= Specific gravity of the soil 
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For this calculation 2.65 is assumed to be the specific gravity of the 


soil solids. 


The void ratio of the thawed sediment is dependent primarily upon its 
grading characteristics and the amount of compaction to which it is subjec- 


ted. 


ompaction of the sediment from overlying materisl, decreases the 
void ratio. Therefore, since the per cent settlement is inversely dependent 
upon the void ratio value, it stands to reason that the void-ratios deter= 


mined from uncompacted samples which have thawed and settled would be a 


conservative figure to use when calculating the minimum settlement of 
materials which would be definitely subjected to compaction. Void ratios 
determined for samples by plotting measured settlements and moisture contents 


fell generally near 0.7. This value is supported by void ratio determina- 


tions from other soils having similar grading characteristics. 


Using this assumed void ratio value, the settlement-moisture content 


relationship becomes® 


m= 26.4% 


m+ 37.7 me 


n 
rf) 
> 


To caleulate the settlement which might occur in any area subjected to ground= 
ice thaw, it is only necessary to average the percentages calculated from the 
ene foot moisture content determinations from a drill hole in that area. The 
moisture content of samples collected from the drill holes listed in Table 3 
were determined and the potential per cent of settlement calculated for each 
ef the sites. These locations have been considered as representative of the 
different topographic surfaces of the area. The average per cent settlement 


and the minimum absolute settlement possible by ground-ice thaw, for the up- 
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per twenty feet of permafrost is given in Table 4. 


These data show a great variation in calculated potential minimum 


settlement for the different surfaces. The greatest variation is between 
the primary surface and bottom of the present lake basin. Lack of suffi- 
cient data place beyond the scope of this paper the discussion of the 
variation in settlement values for the three basinal areas. It appears to 
be a sound hypothesis, however, to suggest that the variation between the 


primary surface settlement potential and that of basinal areas is due to 


settlement already having taken place in the basinal areas during the thaw 
development of the basin. This hypothesis may be tested in the areas of 
drill lecations P and B-ll. The location of drill hole P is on the primary 
surface. Its elevation is:10 feet above that of drill hole B-ll, which is 
located in the adjacent drained lake basin. If all of the ice were removed 
from the upper twenty feet of ground in each of the areas, that which is now 
the primary surface would be only about two feet above the basin. If the 
ice-wedge were thawed to a greater depth, it is reasonable that this value 
would be even smaller. This might suggest that in the past both areas were 


part of the same surface. 


Before any positive conclusion can be made in this area, one would have 
to examine much more data from several basins and primary areas. At this 
time, however, the difference in thaw settlement potential is in itself evi- 
dence that might be offered in support of the thaw hypothesis concerning the 


origin of the basins. 
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TABLE 4 


Average potential settlement values which might result from the 
removal of the ground=ice to a depth of twenty feet, in topo- 
graphically distinct areas. 


Drill Average potential Absolute Min, 
Hole settlement per- Settlement 
Area Site cent (20! layer) 
PRIMARY SURFACE P pio ysl 10.6 ft. 
ANCIENT DRAINED 
LAKE BASIN B-I ie Sen | 1s 
RECENT DRAINED 
LAKE BASIN B-II Piet ye ee 


PRESENT LAKE L 1,0 On2 . Tuy 
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UTILIZATION AND INTERPRETATION OF AERIAL PHOTOGRAPHY 


Aerial photographs are an invaluable aid to field research on the Arctic 
Coastal Plain. The primary usage has been to locate positions on the land- 
scape. The conventional means of locating positions, by magnetic bearings 
from known landmarks to unknown points, is handicapped both by the lack of 
distinct landmarks and by relatively great variations in the magnetic declina- 
tion facter over a relatively short unit of time. Because of the latter 
condition, aerial photos were alse used as base maps when making topographic 
determinations. A transit was used instead of an alidade and plane table. 
The rod stations were located and marked directly on the aerial photographs, 
their pesitions being determined with much greater accuracy than could be 
possible by magnetic bearing. The distinctive shape of many ponded bodies 
of water, or the assemblages of several ponds, are so easily identified on 
the aerial photographs that with a minimum of experience it is possible to 
pinpoint a position rapidly and accurately, provided the general location 
has been determined on the photos. Check-points can usually be found within 


a few yards of any position one might desire to locate. 


Many minor surface details which are not obvious in the field may be 
clearly distinct on the aerial photographs. Sharp changes in the size, 
shape, and the degree of ponding of characteristic low-centered polygons, 
which identify boundaries of ancient lake basins, may be easily picked up on 
the photographs. These are frequently very difficult to spot in the field 


(see Figure 4). 


It is an objective of this report to show that some minor relief feat- 
ures are associated with certain specific topographic and geologic conditions. 
It may ultimately be possible, from field data of one area, to interpret the 


topography and permafrost conditions of similar areas from the aerial photos. 
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Such attempts in the past have met with little success, primarily because of 
interplay of freeze and thaw on the multitude of variables extant in the 


Arctic tundra. 


However, in an area such as the Arctic Coastal Plain, where the field 
season is often short, the weather miserable, and maneuverability greatly 
inhibited, any information which can reliably be interpreted from aerial 


photographs would be most welcome. 


SUMMARY AND CONCLUSIONS 


‘The topography in the Barrow area, as in all similar regions of perma- 
nently frozen ground, results from the interaction of the usual geomorphic 
processes of erosion and mass wasting, plus the effects of certain regional 
processes which are associated with extreme low temperatures. These include: 
1) fracture and movement of frozen ground material as a poet ef thermal 


mulation 


contraction and expansion; 2) aggradation resulting from the accw 


of ground<ices and, 3) degradation resulting from the thaw of ground-ice. 


The sequence of geomorphic events which might explain ideally some of 


the relief characteristics of the Barrow area are as follows® 


1) Emergence from the ocean. 


2) Freezing with simultaneous injection of grownd-ice. Only the 
upper twenty or thirty feet becomes supersaturated with ice 
because the necessary water must move up from the material be- 
Low 


3) The ground,. frozen and supersaturated with ice, is subjected to 
thermal contraction during seasonal perieds of extreme cold, 
such that a polygonal net of tension fractures is developed. 


4%) Additional ice is added to these eracks in seasonal increments, 
from the surface melt-water, thus forming a pelygonal net of 
ice=wedges » 
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5) The addition of the ice to the wedges is accompanied by the 
upthrusting of material adjacent te them, both by the expan- 
Sion of ice during the freeze-up and of the ground during 
seasonal warm-up. This tends to form ridges of material on 
each side of the ice-wedge. 


6) If drainage conditions are sufficient, the ice-wedges will 
be thawed and troughs will be formed and perpetuated by the 
drainage. The ridge-forming material may Slump into the 
-roughs and develop the high-centered polygons. However, 
if drainage conditions are such that the wedge-ice is not 
eroded, the ridges can develop to where they stand in sige 
nificant relief above the centers of the polygons, thus 
producing low=-centered polygons. 


7) Wherever water may become ponded (such as in the centers of 
the low-centered polygons) in such quantities as to facilie 
tate the further thawing of ground-ice, a lake basin is 
initiated. This basin might develop in depth until all of 
the excess of ground-ice has been removed or until a layer 
of sediment builds up on the bottem through which seasonal 
thaw cannot extend. 


8) Eventually the basin will become drained by one process or 
another and two topographically distinct areas will have 
evolved: the basinal areag and the remnant primary surface. 


9) The drainage on the relatively elevated primary surface 
will become integrated along the ice-wedge troughs, drain 
ing into the basins and leaving the high-centered polygons 
as the predominant minor relief feature existing wpon the 
primary surface. 


10) The drainage of the basinal areas is confined and, therefore, 
these areas are characterized by the low-centered polygons. 


11) Ice-cored mounds develop on both surfaces most probably 
due to the injection ef ice into horizontal contraction 
eracks . 


The potential settlement evaluations based on ground-iice content deter- 
minations lead to the conclusion that the basins existing in the Barrow area 
“could have developed by the thaw of ground-ice from the original primary 


surface, if one assumes that some of the greatest relief between the basinal 


and primary areas is due to initial relief upon the original primary surface. 


Evidence for initial relief is found in the beach-slope feature which 
exists presently both as relief wpon the primary surface and between the 


primary surface and some of the basinal areas. 


serves nephew quilt 0s tend gale em wind 
id td cmd wb Dement bal' tad teal Sy gat ier 
cans alt te han youabene aie a uta wok ho: me 
iv pea TS ar + hut wae wine reaeeban’ 

| a repblawmediell ft Be obhe fae 
' ct ae eas 
mount’ at s wee Guna sii mon as nb ies x 

4 oie waged bent how whe # 

ee ee ee amkine : 

i? auivreh Lak ae aise 

| it | 


4" wt - a 
sepia ett lll ai 


z » i e, 
ar nt ee he, Ae, ye he Cae oO. | AM: 
‘ as » a ‘is — 
ct ove r awe myst oe vi 
co 


a | 3 3 ebead, eeasied gue. Show mi (9), 
| ; 4 0 cat ae 


fe ' , » assem “eet: ae aye? 


i eee 


mn rwarys 
{ 
| ~- 
3 C 
‘ ‘ i oh 
| > a. 
. 1% ny Liat 
‘ ) eae 
¢ bape 
| 
; ) 
| wy fe | | a2 
i - ae I 
Try 7 I y 
fi t ‘ # 
2 ¢ 
K oo 
iL 
i " hy a " 
oa, ee 
ie . <ohe 
4 - . <hs as 


y 
‘ * Othe 
A a 
f on a0 
eh ay, 7 
r 
oa 
; nivie f teh Sage 

‘ «f 


wy? 
y F ee ve MAS Lae ve i ao y mre 


sdb banetenele 
ra * 


Ze 


36 


10. 


ll. 


12. 


13. 


14. 


13s 


16. 


31 


LITERATURE CITED 


Black, Rebert F. Permafrost. Im Trask, P.D., ed. Applied sedimenta- 
tion. pp. 247-275. New York, N.Y., John Wiley and Sons, 
Ime. 1950. 


1954. Precipitation at Barrow, Alaska, greater than 
recorded. Transactions, American Geoplysical Union. 
353203=207 » 


1954. University of Wisconsin, Madison, Wisconsin. Poly= 
gonal ground. (Typewritten manuscript ) 


and Barksdale, W. L. 1949; Oriented lakes of northern 
Alaska. J. of Geology 572105118. 


Brewer, Max C. 1958. Some results of geothermal investigations of 
permafrost in northern Alaska. Transactions, American 
Geophysical Union. 39319=26. 


1958. The Thermal Regime of an Aretic Lake. Transactions, 
American Geophysical Union. 393 278-284. 


Britton, M. E. 1958. A Tundra Landscape. Research Reviews, Jan. 1958, 
pp ° ho}3 fo} 


Cabot, E. G. 1947. The northern Alaska Coastal Pjain interpreted from 
aerial photographs. Geog. Review, 372639-648. 


Carlson, P. R. 1957. Geology and engineering properties of Cenozoic 
sediments near Point Barrow, Alaska. Unpublished M.S. thesis 
Ames, Iowa, Iowa State College Library. 


Carson, Charles E. and Hussey, K. M. 1960. Hydrodynamic of three Arce 
tic lakes. J. of Geol. 6y3585-600. 


Frost action in roads and airfields 1952. Highway Research Beard Spec. 
Rept. 1. 


Hopkins, D. M, 1949. Thaw lakes and thaw sinks im the Imuruk Lake area, 
Seward Peninsula, Alaska. J. Geol. 573119=-131. 


Liffingwell, E. de K. 1915. Ground ice-wedges, the dominant forms of 
ground=-ice on the north coast of Alaska. J. ef Geol. 


23 3635-654. 


1919. The Canning River region, northern Alaska. U. S. 
Geol. Survey Prof. Paper no. 109. 


Livingstone, D. A., Bryan, K. and Leahy, Ro. G 1958. Effects of an 
Arctic Environment om the Origin and Development of Freshwater 
Lakes. Limnology and Oceanography. 33192=214. 


1954. On the orientation of lake basins. Amer. Jour. Sei., 
2528 SH7 =5 54. 


FF ALR = 
rh ae 
Ai 
ny 
Py ; 


RES i 
eo, ae | pares ee ¢ tas 8 a co 2) ‘ma 
; oes bee EE Ae SNE (ek So Re bolting 
| ! | nt RN yor 

| | morte aoa 
Dhl gins 0 moktarhgtoe® WORT. 
or eras relunsaeey aed PPusy . 


ytes aver 


5 ae 


7) re as 4 ia . ‘2 
; : F 


ela ME «& 


ars 


18. 


19. 


20. 


2k e 


25 ° 


28. 


32 


MacCarthy, G. R. 1952. Geothermal investigations on the Arctie Slope 
of Alaska. Trans. Amer. Geophysical Unien, 333589-593. 


Muller, S. W. 1947. Permafrost or permanently frozen ground and rela- 
ted enginesring problems. Ann Arbor, Michigan, J. W. 
Edwards, Inc. 


O'Sullivan, J. B. and Hussey, K. M. 1957. Problems associated with 
soils stabilization in the vicinity of Point Barrow, Alaska. 
Iowa Acad. Sei. Proc., 642429=442. 


Rex, Robert W., and Taylor, Edward J, 1953. Investigation of the lit- 
toral sediments of the Point Barrow area. Unpublished final 
report for the Office of Naval Research, Contract NONR 225(09). 


1958. Orientation of lakes on the northern Alaskan Are- 
tic Ooastal Plain. (typewritten manuscript) La Jolla, 


and Taylor, E. J. 1953. Uplifted beach ridges and first 
generation lakes in the Barrow, Alaska, area. Unpublished 
final report for the Office of Naval Research, Centract 
NONR 225(09). Palo Alto, California, Stanferd, Univ. 


Rosenfeld, G. A. and Hussey, K. M. 1958. A consideration of the probs 
lems of oriented lakes. Iowa Acad. Sei. Prec., v. 65, 
Pe 279-287 » 


Sager, R. C. 1957. Aerial analysis of permanently frozen ground. 
Photogrammetric Engineering 173551=571. 


Spangler, Merlin G. 1951. Soil Engineering. Scranton. Pa. MInterna- 
tional Textbook Company. 


Taber, Stephen, 1943. Perennially frozen ground in Alaska, its origin 
and history. Bull. Geol. Society*of America. 5431433-1548. 


U.S. Department of Commerce. Weather Bureau. 1955. Climatological 
data, national summary. Annual report. 6 no. 133827 and 34. 


Ward, Ira J., Handy, R. L., Davidson, D. T., and Rey, C. J. Mechanical 
stabilization of a gravelly sand from the beach at Point 
Barrow, Alaska, Iowa State College Eng. Exp. Sta. 
Project 320-S Report fer Office of Naval Research, Contract 
NONR 530(04). 1955. 


- ay, a 
é ; nd Fe ay ; Lan ‘’ ° 


ae 
i oe Ah a) ; r int ; i ti fy fi ny ry hey cee 
| ‘oa 


| : “a | i | eh ict = hater ah 
| T | ~ te dts PB ney a ba “a tend 7 Ma 7 a ssf Soe ra 
| sey | 


keene -os0-0Lh ™ i 
wat 7 guee 
| | Aah as iq paw my eee “a 


aed . a 
nl ee om ae ml a ¥ 


| =x CRESS rm Dees oa s % of maed ca pay: 
. | : METAL Se aFy alhee.. .. 
| . et aa oe. % dad mY _ i 7 cs 
| Ai: anne id m4 a 


| oondok an 


33 


This study was made possible by contract with the Office of Naval Re- 


search through the Arctic Institute of North America, 


The Arctic Research Laboratory at Point Barrow supplied the logistical 


support, without which this study would not have been possible. 


The writer is greatly indebted to Dr. Keith M. Hussey of the Department 
of Geology, Iowa State University, for his guidance and criticism throughout 


the study and during the preparation of the report. Special acknowledgement 


also goes to John B. O'Sullivan, graduate assistant, Iowa State University, 
for his assistance in the field and for many critical discussions of the 


problem. 


The aerial photographs utilized in this study were used by permission 


of the U. S. Geological Survey. 


Repreduction in whole or in part is permitted for any purpose of the 


United States Government. 


| 


ee 


rete cotta 
Wap oe ay 
ik on wm 


a 


Pam (*49) : 551.4 


Hussey, Keith M. & Ronald 


W. Michelson. 


Pg 
ps oi 
a ae 
oe 
~~ = 
fam CH#4H9) 2 Ss 


oO 
. 


wii 


620 0340 0569 


